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In this investigation an attempt has been made to
measure the minimum oil film thickness in a partial sleeve
type bearing under various conditions by two electrical
methods; namely, by dielectric breakdown of the oil film,
and by measuring the capacitance of the bearing and from
this deriving the thickness of the film. Due regard has
been had by the author for the limitations and capabilities
of these methods and the results are propounded as largely
qualitative in value; and to a lesser degree quantitative.
The quantitative results have been checked by results as de-
rived by classical hydrodynamic theory.
No complicated instrumentation was devised for this in-
vestigation in view o~ the indeterminate variable ~actors
entering into the results, paramount of which was the toler-
ance of the machining involved.
The experimental results have proved to be fairly con-
sistent from a comparison of the two methods, and the re-
sults of either method quite consistent with itself, par-
ticularly in the capacitance method. Where inconsistencies
enter, the reasons for these have had an apparent answer in
most cases.
The theoretical and experimental values of film thick-
ness have agreed quite closely in the region from 50 to 125
microns, and sometimes higher, but,-in the region o~ thicker
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films, above 200 miorons, a oonsistent inoreasing divergenoe
was observed. This oonfirms a divergenoe of aotual film
thiokness from theoretioal thioknesses reported by other in-
vestigators, and is on the same order of disagreement. This
result suggests an inadequaoy of suoh oorreotion faotors as
the side leakage faotor applied in theory.
Deliberate attempts were made to oarry these investiga-
tions into the region of boundary lubrioation in order to
measure the lower limit of ideal fluid lubrioation. This
lower limit appeared to be on the order of 50 miorons, in
whioh region some anomolous effeots were noted as evidenoed
by an apparent ohange in the dieleotrio properties of the
oil film.
From a dieleotrio breakdown test of the oil used, it
appears that the dieleotrio strength of the oil does not
oontinue to inorease with the deorease in eleotrode spaoing,
but tends to deorease after a oertain minimum separation has
been passed. Beoause of this unoertainty eXisting in neoes-
sary fundamental information, and beoause of a serious degree
of physioal deterioration of the bearing and journal surfaoe
as a result of aroing in the breakdown method, this method
was found to be rather unsatisfaotory for use.
The oapaoitance method was found to provide early warn-
ing of bearing failure prior to any physical evidence suoh
as temperature rise and scoring, whioh suggested a praotical
use for such an arrangement in important naval and oommeroial
applications.
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2. Previous Work In This Field
Many men have worked upon the problem of determining
film thicknesses in oil lubricated sleeve type beartngs.
Several methods of approach are offered. First there is the
classical method of computation by means of hydrodynamic
theory. Howarth (8) and Karelitz (10) among others have done
considerable work in the field of theory. In the references
noted much of their work is presented in graphical form. Nor-
ton (15) has adapted Howarth's work to other curves from
which the theoretical thickness as well as angular position
of t~e minimum oil film in partial sleeve type bearings may
be determined. Norton's curves using the nomenclature of
Figure 1 are reproduced in Figure 2 and are used as the means
of determining the theoretical thickness for comparison with
experimental results.
Under the realm of experimental determination by physi-
cal means we find several methods available. These include
the general headings of optical, mechanical, electrical,
electro-magnetic, and electro-mechanical. Under the heading
of the purely electrical method come the methods used in
this investigation; namely, capacitance and dielectric break-
down methods. Nucker (16) and Schering and Viewig (19) have
done experimental work along this line by the capacitance
method. Shering and Viewig have also done considerable work
with resistance and dielectric breakdown methods. Poppinga
(17) describes briefly the work of these men and shows some
of their experimental methods and results. Kluge and
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Figure 1 Diagram of a partial bearing
Figure 2
Characteristics of centrally loaded partial bearings
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Linckh (11) have made investigations using the piezo-
electric phenomena for determining journal position.
Allen (1) has done some of the most recent work using
the dielectric strength method of determining film thickness.
His principal sphere of interest was in the region from in-
cipient to complete film breakdown, and he used instrumenta-
tion to provide indications of instantaneous film thickness,
whereas this present investigation deals with average mini-
mum film thickness. Allen found extremely wide disagreement
between his experimental values and theoretical values. No
such comparatively low values of breakdown potential were
found to appear in the author's investigation as did Allen
report. He furthermore used a fairly low value for dielec-
tric strength without apparent justification, the readjust-
ment of which would result in further disparity.
Several other men have engaged in work bordering on the
field under discussion, and which is of intense interest in
this case. Needs (14) made extensive investigations into
the region of boundary film lubrication. He used mechanical
means of determining the film thickness between two optically
flat discs. He reported that when film thicknesses on the
order of 100 microns were reached, the electrical resistance
was very materially reduced, and at about 60 microns, ex-
tremely little resistance was offered to electrical currents.
Bruninghaus, Watson, and Menon conducted electrical
measurements on extremely thin oil layers. They obtained for
layers above 600 microns a resistance to penetration of over
250 KV/inch. In the case of thicknesses of less than 400
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microns, Poppinga (17) reports that they were able to obtain
penetration with much smaller voltages, indicating two-layer
conduction by the oil film.
3. Description of Apparatus
Figure 3 shows a schematic drawing of the basic compo-
nents of the test arrangement. Figures 4 and 5 show photo-
graphs of the arrangement.
The bearing test machine was manufactured by Alfred J.
Amsler of Switzerland for dynamic bearing and journal tests.
The speed was adjustable to a limit of approximately 375
R.P.M. Friction coefficients were easily obtainable from
the known load imposed on the bearing by the spring and
clamp mechanism shown in the photographs, and from the scale
reading of a torque-arm which was displaced from its zero-
speed nadir position by an amount corresponding to the
frictional dragon the test journal. The machine was de-
signed so that quick interchange of the journal and bearing
could be made at will.
The journals used were mild steel, 1.25" in axial
length and 2" in diameter. The surfaces had a Brinell hard-
ness of 110 and a surface roughness of 4-6 microns R.M.S •
. by profilometer reading.
The bearings were machined on a special jig to clear-
ances of .002" or .00475" on the radius. These bearings
were 600 segment bearings 1" in axial length. Machining
tolerances were ~:~~~~ inches. The bearing metal, which
~ was approximately 3/8" thick, was a tin base babbitt metal





ttin 89% copper 3.5%
antimony 7.5% iron (max.) .08%
lead.35% arsenic (max.) .10%
oBrinell hardness at 20 g-- 24.5
at 100 C-- 12.0
Melting point 466°F
Oil was supplied to the bearing through a transparent
plastic tube from an insulated storage tank which was kept
under sufficient air pressure (normally about 6 p.s.i.) to
insure a complete oil film. Oil was distributed in the
bearing by an axial slot near the leading (inlet) edge of
the bearing.
The load on the bearing was applied centrally, that is,
perpendicular to the shaft axis, through the geometric center
of the bearing by means of a ball and spherical seat arrange-
ment, thus allowing the bearing to be self adjusting. The
ball was actually the spherical'end of a short rod which ,was
imbedded in a piece of phenolic material. The latter served
to insulate the bearing from the rest of the machine. The
arm to which the phenolic block was bolted could be pulled
down by increasing the tension on a loading spring, thus
increasing the load on the bearing as desired.
A flexible copper lead was soldered to the bearing for
application of potential for dielectric breakdown and to
enable connection to the capacitance bridge. The machine
was grounded, as built, yet to insure positive contact with
the journal one lead was installed on a copper rubbing strip
rubbing on the shaft next to the journal.
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A thermocouple lead was inserted in a radial hole in
the bearing, terminating at a central axial position about
three-quarters of the way toward the trailing edge, just
outside the bearing surface. This lead was insulated from
the bearing. Connection of this thermocouple to an elec-
tronic recorder provided a constant record of the oil film
temperature. Initially a thermocouple was similarly install-
ed in the distribution channel but no significant difference
in the two temperatures was noted, hence the latter thermo-
couple was not reinstalled.
The dielectric breakdown setup was very simply in-
strumented as shown on Figure 3. fiB" batteries connected in
series furnished the potential through a course and fine
potentiometer arrangement. Indication of breakdown was simply
a large and sudden deflection of the milliammeter, at which
time the voltage across the bearing would instantly collapse.
In the current-voltage characteristic before breakdown, the
relation approximates a straight line up until breakdown
voltage is reached. The current up until this point is a
matter of microamperes, although it may vary within wide
relative limits owing to a large variation in the conduc-
tivity of oil. At breakdown the current increases very
rapidly without further increase in voltage, and continues
to increase with collapse in voltage. A typical voltage
current relation from Gemant (3) is shown in Figure 6.
The maximum voltage reached before breakdown was the cri-
terion of thickness found. A polar cathode-ray oscilloscope
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was connected across the bearing as additional indication
of breakdown.
The capacitance test arrangement was one which could
be connected to the bearing by opening and closing two re-
spective switches. A simple ~ien bridge was used to measure
the unknown capacitance. Potential was applied to the bridge
by an aUdio-frequency oscillator, with earphones used to
detect the minimum balance. Fair to good sensitivity can be
achieved with this arrangement. To get complete zero
potential balance, the voltages on the two legs must be match-
ed in phase, in which case a galvanometer would be more sensi-
tive. The dynamic stability of the journal was found to be
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so poor that the determination of a minimum balance by means
of the simple arrangement with the earphones was perfectly
satisfactory. The bridge and all connecting leads were
shielded to reduce stray capacitance. Best performance of
the earphones was obtained at a frequency of 700-800 cycles
per second impressed on the bridge.
4. Considerations With Regard to Methods Used
(a) Dielectrio breakdown method. In this method the
primary assumption is that the oil film will rupture at the
thinnest point when rupture occurs. Given this assumption;
it only remains to determine as accurately as possible the
dielectric strength of the oil being used under the applicable
physical conditions. This, unfortunately, the key to real
suocess in this method, is most difficult to fix with preci-
sion and certainty. Dielectric strength is affected by the
following factors, some of Which we can regulate, others
concerning which we must make certain convenient assumptions.
Chemical composition. This need not be known, but must
be assumed homogeneous. The dielectric strength determined
for one sample must hold for all other samples from the same
source.
Impurities. These affect more than any other factor
the consistency of the dielectric strength of the oil.
Water is one of the most serious common impurities. The
dielectric strength of the oil may be changed ten-fold very
easily with minute quantities of water. Gamant (3), Miner (13),
and Schwaiger and Sorensen (20) explain how minute quantities
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of water as well as air and solid impurities seriously affect
the dielectric strength of oils. These impurities will be
assumed to be homogeneously distributed throughout all
samples. By careful storage and handling, change in im-
purities during the conduct of the investigation should be
eliminated.
Chemical changes. These include primarily such changes
as oxidation, polymerization, and condensation reactions.
The first is primarily a reaction with air, the latter two
generally a result of, or hastened by high voltage stresses.
All are rather long-time processes and will be assumed to
have a negligible effect. Gemant (3) describes the nature
of these processes and their effect.
Electrode spacing. This is perhaps the most important
factor in pinning down the true value of dielectric strength
and the one about which least is known in the region of ex-
_tremely thin oil films. Many writers including Gemant (3),
Miner (13}, and Peek state that the dielectric strength
varies inversely as the .4 or .5 power of the electrode
spacing. This apparently does not hold, however, for very
small spacings in oil of the order of a few hundred microns
or less, for this rule results in absurdly high values of
dielectric strength. Miner (13) give~ another approximate
relation which proves to be more consistent with observed
facts. This relation is:
Eo ::: 117 vcr 10) (I-+~rcr)
where E b is breakdown voltage in kilovolts
d is electrode diameter in inches
S is electrode spacing in inches.
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This relation is quoted for spherical electrodes and does
not exactly apply in our case. The best approach seems to
be that of experimental determination of dielectric strength
of the oil used, using electrodes geometrically similar,
at a number of spacings approaching the smaller spacings
expected as closely as practicable, then extrapolating the
curve determined by this means.
Shape of ~ electrodes. This factor is known to have
a marked effect on the breakdown potential as discussed by
Miner (13), Gemant (3), and Schwaiger and Sorensen (20).
Corona effects of sharp edges, ridges, or points decrease
considerably the apparent dielectric strength. The surface
shape or contour of the electrodes modify the concentration
of the electrostatic field. Since all tests in this inves-
tigation were performed with the same shaped electrodes,
that is; the bearing and shaft; at worst, the only effect of
this factor would be to change the values of film thicknesses
obtained from true to relative values, depending upon the
similarity of the electrodes in the bearing machine and those
used in determining the dielectric strength. Actually the
electrodes in the standard dielectric strength test cup are
flat 1" diameter discs which approximate the shape and area
of the test bearing, but not the area of the journal used as
one electrode.
Schwaiger and Sorensen (20) have gone into great detail
~~ to determine. the effect of variation of electrode shape upon
~
- puncture strength. They have computed values and constructed
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graphs for determining the value of a factor n, defined as
the utilization factor used in the relation
where Eb is the potential required to cause breakdown be-
tween two electrodes with a given dielectric, S is the mini-
mum separation, and Eho is the dielectric strength of the
dielectric used with flat plates at a standard separation.
The utilization factor is always less than unity for non-
homogeneous fields as found with adjacent cylinders,
cylinders and planes/and partial planes with infinite planes.
The utilization factor is a function solely of two geometric
characteristics defined by the relative location and con-
figuration of the two electrodes. The first of these geomet-
ric characteristics is p, defined by, the radii of curvature
of the two electrodes and the separation of the two. The
other geometric coefficient, q, is simply the ratio of the
two radii of curvature.
ThUS, by carefully considering the applicability of the
various utilization factors for geometrically similar systems,
a working rule may be evolved for the effect of the unortho-
dox shape of the electrodes. It may be seen from study of
the curves in the above reference that the utilization factor
in our case approaches unity so closely that the electrodes
may be considered parallel plates for all practical purposes.
Temperature and pressure. These factors have an appre-
ciable effect, but, which may be minimized by regulation of
the test conditions.
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Time of application and rate of rise of notential.
These also have appreciable effect, but by maintaining similar
conditions in the investigation and in the test for dielectric
strength, they need not cause any concern.
Frequency. The dielectric strength appears to decrease
with increase in frequency. Miner (13) shows curves support-
ing this idea. It is evident that some error will be intro-
duced by disregarding any change in dielectric strength due
to minor frequency differences in test and reference con-
ditions; but in any event, all measurements in the investi-
gation should be conducted at one frequency and any error
from non-standard frequency will be a relative error affect-
ing all readings equally.
(b) Capacitance Method. In this method there is little
or no difficulty in establishing a dependable value of di-
electric constant to use in the relation
hi ...c1:::. '2...5"4 J<. R
41T" <t" lOS"C
where A is the effective capacitor area of the bearing and
journal in square inches
C is the value of capacitance measured by some method,
in microfarads.
The value of the dielectric constant varies somewhat
with frequency, owing to a phenomenon known as anomalous
dispersion; however, this does not appreciably affect the
value of the dielectric constant in the range of 0-1000
cycles per second and. may be here neglected.
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Wide temperature and pressure changes also have appreci-
able effects upon the dielectric constant, but these effects
may again be neglected within the variation of conditions to
be expected in this investigation and those of standard test
conditions. As an example of the variation in dielectric
oonstant with temperature Poppinga (17) gives the values of
the dielectric constant for an oil at 20°0 and 80°0 as 2.26
and 2.18 respectively.
One of the variables of which the oapacitance is a
funotion, hence also the measured film thickness, is the
area of the condenser plates. The relation stated previously
for finding the indicated thickness assumes flat parallel
oondenser plates of equal areas. In our case this is not
,
true. There is a known area in the c~se of the test bearing,
which is a 60° segment of a plain sleeve bearing. The ef-
fective area of the journal, the other plate, can only be
estimated. Hoch (7) has measured the effect of various
shapes and sizes of electrodes on oapaoitanoe corrections in
preoision work. The corrections for stray capacitance due to
edge effect and electrode to ground field is a function of
area and thickness of the electrode as well as separation
of the electrodes. From this referenoe corrections can be
arrived at but later it will be found that these corrections
may be neglected in comparison with the values of measured
capaoitance since the corrections amount to approximately
.3 of 1%. In view of this finding we shall use the actual
area of the bearing surface as the capacitor areao
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The separation of the two oondenser plates is also a
variable quantity. In the axial direotion of the shaft, the
separation will be oonsidered oonstant. In the peripheral
direotion, the thiokness of the film may be expeoted to de-
orease from the oil inlet side of the bearing to some mini-
mum point, then inorease again to the trailing edge. If the
angular looation of the minimum point oan be determined and
some relation found for the manner in whioh the thiokness
varies, values oan be assigned the minimum thiokness and a
two-way integration performed to find the oapaoitanoe. Then,
given the oapaoitor area and the oomputed oapaoitanoe oor-
responding to a given minimum film thiokness, the "average"
or "indioated" thiokness may be then determined by solving
the oapaoitance equation for h~nd. By performing a number of
these integrations and oomputations for hi~, a ourve may be
oonstruoted from whioh the measured minimum film thiokness
oan be determined by entering the ourve with the parameter
of the indioated average thiokness oomputed from the measured
oapaoitanoe. This is done later, as will be seen.
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CHAPTER II
CONDUCT OF THE INVESTIGATION
1. Procedure in Obtaining Data
The oil used was 2190T turbine oil. Chemical tests
showed this oil to be a predominantly napthenic base oil
with no evidence of water or sediment present. The neutrali-
zation number was .06. The "T" designation indicates a'polar
additive in small amounts of less than 2%. The additive has
a strong affinity for the metal surfaces, hence will displace
any moisture and prevent oxidation or rusting.
It was decided to use more than one size of bearing;
that is, more than one clearance. Journals were all 2" di-
ameter but radial bearing clearances'of 0002" and .00475 ff
were used. Various speeds and various loads were used.
Some runs were made with constant speed, varying loads, and
others vice versa. Speeds were decreased and loads increased
until mechanical film breakdown was in the incipient stage.
New bearings and journals were run in for several hours
before the test readings were begun. The sequence of the
runs was randomized insofar as practicable to minimize any
extraneous effects causing changing physical conditions.
One example of such effects was an apparent surface roughen-
ing growing progressively worse as the number of arc-overs
from dielectric breakdown increased.
At each new setting of speed or load, a short delay
period was necessitated in order that a condition of thermal
equilibrium was reached. This was indicated by a constant
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reading of the oil fiL~ thermocouple. This delay was normal-
lyon the order of about fjve minutes.
The theoretical film thickness is determined from the
relation
For each experimental reading, then, it was necessary to know
the radius of the journal, the clearance, the absolute vis-
cosity of the oil in the bearing, the speed, and the load on
the bearing in order to compare with theory. The first two
remain constants for any set-up. The viscosity was determined
from the temperature of the oil film as measured by the thermo-
couple previously described. The speed was simply obtained
by mechanical counter. The bearing load or pressure was de-
termined from the deflection of the loading spring.
In addition to these readings, the friction factor was
determined for each run, as was the rate of oil flow.
In measuring the voltage to breakdown a procedure close-
ly approximating the standard short-time test as described
by Miner (13) was followed. This, briefly, consisted of a
slow but steady increase in the potential applied across the
bearing. The rate of rise of potential was as rapid as
could be used without causing inertia carry-over to enter
into the voltmeter reading. The maximum voltage reading ob~
tained was the thickness criterion. Usually several break-
downs were made at each setting in order to check for con-
sistency of results. Frequently, the same conditions would
21
be imposed on the test arrangement as for some previous run
to ascertain whether or not the previous results could be
duplicated.
The measured film thickness indicated by the breakdown
test was arrived at simply by dividing the potential neces-
sary to cause breakdown by the best value of dielectric
strength for the estimated separation, arrived at as de-
scribed in the next section.
The capacitance measurement was accomplished by con-
necting the bearing and journal as the unknown capacitance
in the Wien bridge, applying a.-c. potential to the ends
of the bridge, then arriving at the reading of the variable
resistance to give the minimum sound level in the earphones.
In order to get maximum clearness and distinguish the applied
frequency hum in the earphones from background noise, the
frequency was rocked back and forth by adjusting the oscil-
lator while arriving at a balance. The voltage impressed
on the ends of the bridge was also varied to give best re-
SUlts, the potential best suited depending upon the background
noise level. Normally a voltage of 3-8 volts was adequate.





which in the case of the values used, resulted in
Cb =001 IS 600 _ 6 microfarads.
Rb - Rb
Then using known values of the dielectric constant, K, and
the area of the plates we arrive at the indicated thickness
of the film by the relation
hi."cl = 2.54 K A Rb (inches)·
4'Tr 9.. lOs-", 6
It has been previously explained in section I-4(b) how
the relation between the minimQm film thickness and the in-
dicated average may be arrived at by computation and graphi-
cal means. The necessary computations and the graphical re-
lations arrived at are included as Appendix C.
2. Determination of Dielectric Strength and Dielectric
Constant.
(a) Dielectric strength values were arrived at from
the curves in Appendix B which show the relation between
electrode spacing and dielectric strength for the oil used.
Owing to the very small values of electrode spacing involved
in this investigation, extrapolation of the curves was neces-
sary, which is, of course, a dangerous procedure, but un-
avoidable. Two plots are shown for mutual check; one linear,
the other logarithmic.
The dielectric breakdown tests were made following the
short-time test procedure outlined by Miner (13) and A.S.T.M.
Standard D-117, and using the standard test cup described in
23
those references. These tests were made using Bureau of
standards equipment and with the assistance and advice of
their personnel. The test frequency was 60 cycles.
Spacing of the electrodes at separations below the stan-
dard .1 inch separation was gauged by means of feeler gauges.
These spacings were reset frequently to avoid error in any
one setting. As shown by the curves in Appendix B, the av-
erage values of breakdown for each cup of oil are plotted,
with the curves drawn through the average value of break-
down for each spacing.
A value of 275 KV per inch was the value of dielectric
strength actually used in computing the values of film thick-
ness. This is purely an arbitrary value based on the extra-
polation of the curves of Appendix B, and on the known fact
that the dielectric strength for direct potential is some-
what less than the peak values of low frequency alternating
voltages. The other factor which influenced this decision
is that the rate of voltage application in this investigation
was somewhat slower than that used in the standard test,
which factor tends to lower the value of dielectric strength
to be used.
(b) The dielectric constant of the oil was determined
oby the National Bureau of Standards at 25 C and 1000 cycles
per second in a Balsbaugh 3-terminal cell. The value found
was 2.283 :: .001 and was the average of three measurements.
3. Determination of Theoretical Values of Film Thickness
As stated before, the thickness of the oil film is a
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function of the journal radius, bearing clearance, viscosity
of the oil, the speed of the shaft, and the pressure on the
bearing. One other factor had also to be considered in de-
termining the theoretical film thickness. This factor was
side leakage of oil from the bearing. On a bearing in which
the axial length of bearing surface is very long in relation
to the length of bearing in the direction of relative motion,
this factor may be neglected, but in the case of narrow bear-
ings the side leakage may reduce the film thickness to a much
smaller value than it would be otherwise. This effect may be
accounted for by utilizing a factor such as
which we will call the side leakage factor and which may be
defined as the ratio of the pressure on a bearing with a cer-
tain minimum film thickness and given finite bearing width,
to that pressure on the bearing with the same film thickness,
and an infinite bearing width.
Norton (15) gives values for this side leakage factor
plotted against the ratio of bearing length in direction of
motion to axial length. In our case, with the reference
ratio approximately equal to unity, we find a side leakage
factor of .45. This factor must be divided into the appar-
ent load as determined from the loading spring deflection to
arrive at the effective load on the bearing.
Attention is called to the fact that the factor P" is
the effective force per unit of projected area of the shaft,
25
not the bearing segment. Thus.
p
P" :; 2rL .45
With all factors now determined. the theoretical values
of film thickness were simply determined by entering the
curves of Figure 2 with the value of the abscissa. At the
same time the theoretical angular locations of the minimum
points were determined for later use in capacitance calcu-
lations. It should be noted that the values of ¢ read from





~. Comparison of Experimental and Theoretical Results
Tables 1, 2, and 3 of Appendix A show the summation of
data taken with the resulta.nt values of h", along with the
corresponding theoretical values of h~. Figures 7, 8, and
9 show these comparative values of experimental and theoreti-
cal film thicknesses plotted for ease in comparison. The
numbers 1, 2, or 3 on the curves represent the order in which
listed on the applicable table and also shows the chronologi-
cal order in Which data were obtained.
Figure 7 shows the results of two runs with a radial
clearance of .002", holding speed constant. At the start, a
new journal was being worn in. It should be noted, to begin
with, that perfect methods would result in all four experi-
mental curves being coincident on one line, not necessarily
agreeing with the theoretical line. In other words, for any
one value of the abscissa, all measured film thicknesses
should be identical. Not shown because of scale limitations,
but tabulated in Table 1, is evidence of very close agree-
ment between the two experimental methods at a value of 41
for the Sommerfeld Variable. This agreement appears fair
all along. Values determined by the capacitance method show
good consistency with each other, the dielectric breakdown
values less so. The fact that run 2 was made at a lower
speed than 1 has no bearing on the fact that the values of
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film thickness are consistently lower for run 2. This appar-
ent decrease in thickness from run to run was noted through-
out the course of the investigation and can be explained in
several ways. These theories are, in order of acceptability:
(a) There was a progressive surface roughening of both
bearing and journal in the way of the arcing. The changes
in surface roughness were measured by profilometer. The in-
creased number and heights of sharp peaks on the surfaces
caused increased concentration of electrostatic stresses,
therefore a lower value of dielectric strength for the same
separation. A change in capacitance also resulted from an
increase in effective surface area of the capacitor plates.
Thus, increased area resulted in increased capacitance and
decreased apparent thickness, but to a lesser degree of change
than in the case of the dielectric bre~kdown measurement
~
owing to the localized effect on the capacitor area.
(b) Polar molecules of the additive or of a heavy poly-
merization product gradually adhered to the surfaces of the
bearing and journal, orienting themselves in layer upon layer,
many hundreds of molecules thick, until the effective separa-
tion of the plates became very appreciably less.
(c) As the bearing and journal gradually wore in, the
high spots and rough points were slowly worn down which
enabled the surfaces to run closer together with ideal fluid
friction. This theory appears quite unacceptable in view of
the observed pitting which occurred as a result of arcing.
No satisfactory explanation can be given for the wide
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diversity of the theoretical and experimental values of film
thickness with increase in value of the Sommerfeld Variable.
It seems probable that a constant value for the side leakage
factor is not adequate as the film thickness increases several
fold. The same trend of disagreement between theory and ex-
periment was found by Howarth, shown in Norton (15).
The values of the film thickness by breakd.own ran con-
sistently at about 50 to 75% of the values by capacitance
method in Figure 7. This relation was found to be reversed
in later runs, in general. The lower breakdown values in the
first two runs are probably due to unpredictable and unusual
stress concentrations in the first bearing caused by previous
pitting and by the edge effect of a particularly sharp edge
of the bearing or oil distribution slot.
In Figure 7 the theoretical values, and the experimental
values by capacitance are seen to come into agreement in the
neighborhood of 100 microns. The minimum value of film thick-
ness before mechanical breakdown is indicated as between 50 and
100 microns. At this point the film no longer exhibits normal -
diec1ectric properties. It is not known whether the film sud-
denly loses its dielectric properties and becomes conducting
I
as has been theorized by some writers on the subject, or
whether enough high points on the bearing and journal sur-
faces enter the region of so-called boundary lubrication to
give the effect of metal to metal contact. In boundary lu-
brication only an extremely thin molecular layer separates
the surfaces involved and those molecular layers are believed
to adhere closely to the surfaces of the metal, so oriented
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as to produce two-layer conduction.
Figure 8 shows the graphical representation of the data
from Table 2 of Appendix A. This constitutes three consecu-
tive runs with a new bearing of radial clearance .00475" but
the same journal as used in the runs of Figure 7. The first
two runs were made at constant speeds of 362 and 193 r.p.m.
respectively. The third run was made with a constant load
of 116 pounds per square inch effective loading per square
inch of projected journal area. The capacitive film thick-
nesses shown in Figure 8 exhibit a trend very similar to
those in Figure 7; in fact, the actual values are not far
different, being slightly greater in the case of the greater
radial clearance as might be expected.
The values of the film thicknesses by breakdown methods
in Figure 8 are seen to be greater, in general, than those
found by the capacitance method; quite the reverse of the
case in Figure 7. Very good agreement with theory resulted
up to a thickness of 200'microns. This happens to be at about
the same value of the Sommerfeld Variable that agreement was
found in Figure 7. The apparent reason for the greater rela-
tive values of breakdown thicknesses is that a new bearing
was installed at the start of this series. Since no pitting
was present at first, no stress concentrations were intro-
duced to give apparently smaller values of film thicknesses.
The cumulative effect of pitting on the experimental values
found is clearly demonstrated in Figure 8 by the constant
trend downward of the successive runs. Run 3 shows a marked
decrease in apparent thickness by breakdown method at the
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Here again, in Figure 8, we find the minimum measured
fiLm thickness between 50 and 100 microns.
An item worthy of notice, but which cannot be explained,
is the crossing of the capacitive thickness curve over the
theoretical curve. To the left of this point, the capacitive
thickness values are greater than the theoretical values.
This same trend is very consistent in all the figures shown.
It indicates an increase in the actual values of fiLm thick-
nesses over the theoretical values as the Sommerfeld Variable
approaches zero or, in reality, approaches the region of
boundary lubrication. Needs (14) has found experimentally
that optically flat metal plates separated by an oil film
approach a minimum separation of about 40 microns even when
loaded for a period of several hours. This same effect may
well be present as we approach the region of boundary lubri-
cation in this investigation.
Figure 9 shows the data of Table 3, Appendix A, in
graphical form. This represents two runs with c:.00475"
again, at a constant loading of 338 p.s.i. The first run
was made with a new journal, but the old bearing used in the
runs of Table 2; the second with a new bearing and journal.
The second and last run was made without using the breakdown
setup in order to avoid pitting and observe the performance
of the capacitive arrangement alone. Owing to the load, the
value of the Sommerfeld Variable is quite low in these two
runs.















Figure 9. The oapaoitive value of thiokness is seen to show
a relative inorease again with the installation of the new
journal and bearing. The oapaoitive ourve again crosses the
theoretical curve at approximately 100 microns, with the mini-
mum measurable film thiokness some 75 microns.
A function shown on eaoh figure with the film thioknesses,
but not discussed yet is the friction factor. On Figures 7,
and 8 the one ourve for f represents the composite curve for
all the runs on that sheet. These show that the friction
faotor is not markedly affeoted by the surface roughening
resulting from arcing. This is somewhat surprising in view
of the measured inorease in surface roughness. Only Figure 9 .
shows any ohange in friotion factor, but here this change
must be disoounted for the two ourves represent different
bearings a.nd journals, and the fact that a new unpitted bear-
ing and journal, even though with the same nominal dimensions,
gave a lower value of friotion factor cannot be accepted as
conclusive evidence of friotion increase caused by pitting.
It is oertain, from previous experience in this field, that
continuation of· the runs in the direction of decreasing Som-
merfeld Variable beyond the minimum measurable film thiokness
would shortly result in an increase in friotion factor, shoW-
ing a "knuckle" in this curve corresponding closely to the
region of boundary lubrication.
2. Incidental Phenomena Observed
A number of interesting phenomena were observed during
the course of the investigation that the author feels are
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worthy of comment. The first of these, which has already
been covered to some extent previously, is pitting. This
surface roughening has been called pitting, but in reality,
there may also have been a considerable amount of actual
metal deposition which would result in the same effect.
This would be expected from the welding process present for
the short periods of arcing. The high arc temperatures un-
dOUbtedly caused some local melting of the bearing metal
with its melting point of only 466oF, and probably some in
the journal metal with its melting temperature of around
o2000 F. The polarity was purposely arranged as shown in
Figure 3 since it was felt that less destructive pitting
would occur with this arrangement in view of the cell known
arc-light principle that the hottest point and an actual
depression occurs in the positive electrode.
The heights of the surface rough points resulting from
the arcing is of interest in order to correlate these in a
rough way with the apparent relative decrease in film thick-
nes,s with progressive surface roughening. The original
journal surface had a surface roughness of 2-4 microns, root
mean square, as measured by profilometer. According to
Tarasov (22) this corresponds to a predominant peak to valley
height of 9-18 microns. After considerable arcing, the sur-
face roughness measured by the same means increased to 10-15
microns, r.m.s., Which corresponds to predominant peak to
valley heights of 45-67 microns. Photomicrographs of journal







110 BEN Steel Journal
X 100
After Arcing
Tin Base Babbitt Bearing
eria No. BES 0-3230
Figure 10. Photomicrographs of journal and bearing
before and after arc damage.
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appearances of these surfaces before and after arc damage.
The type of pitting shown occurred generally over the jourmal
in the path of the bearing. On the bearing the surface rough-
ening or pitting occurred toward the trailing edge where the
minimum film thickness was expected, covering perhaps 25% of
the bearing surface.
The second item of the phenomena was the audible effects
in the bridge earphones caused by various friction conditions
in the bearing. When a new bearing or journal was first in-
stalled, it was impossible to obtain readings of film thick-
ness by either electrical means with any moderate or heavy
bearing loads. Absence of dielectric film was indicated.
Then as the bearing was worn in, the film began to show signs
of having appreciable thickness. The capacitance bridge could
shortly be adjusted to a minimum balance with a great deal of
low beat frequency noise in the background, the beat frequency
usually being somewhere between the speed of the shaft and the
frequency of the oscillator. This indicated mUltiple high
spots on the bearing or shaft which were subject to erratic
and intermittent contact with the opposlng surface. Occasion-
ally a clear cut case of one markedly high spot on the journal
would manifest itself. Each time the high spot passed over
the bearing surface, contact or near contact resulted and a
high intensity beat would be heard in the earphones during
the time of the high point's passing over the bearing. The
frequency of this beat would be exactly that of the shaft
speed •.
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As the bearing became more and. more worn in, little or
no background noise was apparentt With a well worn in bear-
ing and light loads, a very clear tone resulted in the ear-
phones and a fairly low minimum balance could be obtained
with the bridge.
An occasional piece of foreign matter would enter with
the oil stream and be instantly detected if the bridge were
adjusted to or near balance. Whether the foreign matter at-
tached itself to the bearing surface or the journal was
faithfully reported by the earphones; either a constant howl
or a staccato note was the answer.
Interruption of the oil supply was tried. It was found
that breakdown usually occurred, as indicated by a mounting
crescendo in the earphones, within 7-10 seconds. This
audible alarm was apparent before any appreciable temperature
rise occurred in the oil film and before any scoring resulted.
_~other method of audible detection of bearing trouble was
used in the investigation. In place of using earphones
across the bridge, the potential was applied to the grid of
the detector stage of a small radio receiver. ~ter suitable
volume adjustment, any unbalance of the bridge, indicating
bearing trouble, was instantly reported through the audio
stage and speaker.
The third item of phenomena concerns the use of the
cathode ray oscilloscope. No mention of the c.r.o. has been
made in evaluating results so far since no clear-cut or de-
cisive intelligence was furnished by this device using d.-c.
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brought about and indicated with normal dielectric properties.
This behavior may have been the result of the presence of an
additive in the oil. Although the agent is not identified,
being a proprietary substance, it may be generally described
as having greater oiliness than the oil itself and a slightly
higher dielectric constant, generally. This agent is usually
more polar than is the oil, also. The last two factors will
tend to promote a concentration of the additive agent at the
locale of the highest potential stresses, thus resulting in
better fluid lubrication because of the superior oiliness
of the additive.
Along the same lines was the gradual reduction in break-
down potential required for successive breakdowns at one set-
ting of the equipment. This decrease was much in excess of
that caused by gradual surface roughening from arcing. The
actual decrease for anyone setting was normally on the order
of 10% after three or four breakdowns were made to occur.
The decrease was very slow thereafter. Readings used for
data were normally the second or third in the series. The
decrease in potential required could be explained by the
presence of minute quantities of water or other impurities
of higher dielectric constant. Even the additive would cause
this effect, as any substance of higher dielectric constant
would be drawn to the region of highest electrostatic stress
and require a lower breakdown potential since in these cases
they also had a lower dielectric strength.
The fifth and last phenomenon was the apparent existence
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of a lower limit to fluid film thickness, that is, a minimum
finite thickness to which ideal fluid lubrication was main-
tained. Alternately this may be called a demonstration of
anomalous dielectric behavior at very thin film thicknesses.
Norton (15) states that ideal fluid lubrication can be main-
tained to about 25 microns. Needs (14) reported anomalous
dielectric behavior in films below 100 microns. Bruninghaus,
Watson, and Menon reported a rapid decrease in resistance to
penetration in film thicknesses below 1~00 microns. The
thinnest films measured in this investigation were approx-
imately 50 microns. Below that region the film invariably
gave the performance of an excellent conductor. It appears
unlikely that enough high spots would suddenly establish
contact at this thickness to give the effect of a solid
conductor.
3. Conclusions and Recommendations
It is believed that the results of this investigation
are valid in a qualitative way, and also valid in a relative
quantitative way. That is, the quantitative results show a
true trend, but the absolute values of which cannot be ac-
curately stated owing to some contributory unknowns. To sum
up, these unknowns are:
(a) Dimensions. Owing to machining tolerances which
were unavoidable, some error enters into the theoretical
predicted thickness and into the relation between the measured
h,na and hnby capacitance method. This error largely effects
the nature of agreement between theoretical and measured
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values of film thickness.
(b) Leakage factor. This is a theoretical correction
which leaves something to be desired. It appears obvious
from various experimental investigations that the actual film
thickness does not increase as quickly with the Sommerfeld
Variable as theory indicates.
(c) Dielectric strength of oil at very small separations.
This is a field about which more should be known. The di-
electric strength used in this investigation is of rather
dubious reliability owing to the necessity of extrapolating
and because of the paucity of information in the region of
from 50 to several hundred microns. There was too little
data of undesirable inconsistency which had to be used in
predicting the Ebo used. This question of dielectric strength
could well be the subject of an extensive and exhaustive
investigation in its own right. The extrapolation of the
dielectric strength curve used in Appendix B was extremely
dangerous in view of many writers reporting unusual and
anomalous conditions in liquid dielectrics at very small
separations. The consistent coincidence of experimental
with theoretical values at approximately 100 microns, however,
tends to dispel any fears of excessive errors in dielectric
strength values used for this region.
The consistency of the experimental results with them-
selves is considered satisfactory. The decrease of the in-
dicated film thickness by the breakdown method with progres-
sive surface roughening is on the same order as that of the
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increase in predominant peak to valley heights over the same
period. The corresponding decrease in the capacitance thick-
ness values is less as might be expected since thi.s is a re-
sult of the modification of a minor portion of the capacitor
area.
The utility of the two methods used bears comment. The
breakdown method, while giving fairly satisfactory results,
causes en undesirable physical deterioration of the surfaces
involved which introduces gradually increasing relative er-
rors that are impossible to evaluate. This characteristic
alone, discounting the already mentioned difficulty of fix-
ing the correct Eooto use, makes the breakdown method a rather
unsatisfactory one to employ.
The capacitance method holds good promise of being a
high precision indicator of film thickness given precise in-
strumentation with which to work. The dielectric constant
can be determined very accurately and the effective area can
be settled on with satisfactory accuracy. By using a series
of insulated capacitors around a portion of a bearing periph-
ery, the location of the minimum oil film may be determined
as well. This balanced bridge system across a bearing using
an audio or visible alarm system to indicate unbalance fur-
nishes the essentials of a reliable, uncomplicated, and early
alarm system to supplement or supplant the present low pres-
sure alarm system. The electrical alarm system could be
balanced over the full range of satisfactory operations, could
be easily applied to every important bearing, and in all
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probability prevent wiping bearings completely with alert
operating personnel.
A simple scheme of a visual bearing failure indicator
is shown in reference 18. This system used a flashlight
circuit in effect. In actual practice, one of the elec-
trodes must be completely insulated from the rest of the
machine.
As a final conclusion, the data indicate substantial
su~port to various reports of other investigators of an
anomalous dielectric behavior in the region of 50 to 100
microns film thic~~ess. This phenomenon should be investi-
gated further both experimentally and theoretically.
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7 " 781 21.7 1.0 - - - -
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Relation Between verage and Minimum Film Thickness
For parallel plates, the expression for capacitance is
c 2.54 microfarads
41f9"lOS"~ .
with dimensions in inches.
Since in the case above, the plates are not parallel.
we must integrate, using an infinitesimal amount of area dA
as the baSis, in which case ~e may assume parallel plates.
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We will assume unit axial length. Then
de 2.54K dA
- 4tT 9" 105'h
(1)
Now assuming the average radius of the dielectric from point
0', the origin, to be
r'. r+e
2
which is very nearly true, then




As a further close approximation we may say that
(2)
or
h :::: r'-(r+e cos e /)
::e(~ - cos e/),
e
(5)
this being inaccurate by the amount that gO exceeds gb (Refer
to Figure 13). In our case this is extremely small since Ob
approaches as a maximum something less than .4 of one percent
of gO. Using these approximations then, to save much tedious
detail, we arrive at the expression
then
c=
de ~ 1... S 4 « 1'" '+ y- + e &.e'
z
e.( r~r - Cos e)(4TT 91f, fO&')
e~~.51f I( (y'-t -r-fQ.)11 &e'












~ :::: - ,
J(, = 2. • S 4 K (r'+ r + Q )
L.j TT Cf ~ lOS". 2e.
Now we are ready to compute the values of C for various values
of e. For these oomputationswe must use the theoretioal
values of ¢ determined from Figure 2 in connection with the
theoretioal thioknesses, using the Sommerfeld Variable as the
entering parameter. For c of .002" we found from Figure 2
that in the range of variable oovered ¢ changes only from
16.0 5 to approximately 19.°5. Hence we may again cut down
°the tedium by assuming ¢ constant at 18 , with negligible
error. This results in ez. t of 12° and e,t Of 48°. Similarly,
an average ~ for 0 of 000475" is 16. 0 5, resulting in
o 0
ei = 13. 5 and e /t :: 46. 5. Tables 5 and 6 show the results
of the integrations using a series of assumed values for h".
The last column of Tables 5 and 6 shows the indioated
thiokness, h\~. arrived at by using the known area of the
plates (i.e. bearing surfaoe) and the oomputed oapacitanoe
in solving the relation
h. _ 2.54K A
lnd - 4Tr9.,. lOS" C
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Figure 14 shows the curve relating hn to hi~d , from
which the experimental values of thickness, hn, by the capa-
citance method were derived, after entering this chart with




<1h,,~ ::180 e~: 120 e:=48° c =0002"
h~ e 2 tan~ t -I .., C"IO!> h ittda an, K,)tl0Va2._b'" (lii-b:l Vaa.-b~
(microns) (microns) a+b (rad. ) (:tad. ) (microns)
- -
50 1950 1.0256 .2278 8.78 8.88 .751 1.323 2634 486 105100 1900 1.0526 .3286 6.09 6.24 .581 1.225 2703 298 172150 1850 1.0811 .4107 4.87 5.07 .490 1.153 2770 222 231200 1800 1.1111 .4844 4.13 4.36 .429 1.095 2850 180 285
250 1750 1.1429 .5533 3.62 3.87 .386 1.043 2930 151 340300 1700 1.1765 .6198 3.23 3.51 .354 1.00 3020 132 389
Table 6
V1 i O 0 , 0
'-D ,
<Povo': 16. 5 ~:13. 5 a, =46. 5 c :: .00475"
-, -, 'I Cyld>h n e a b tana tan, K,'t 10 h i"tIVa2._b'l. a2. -b~ Va2.-b~
(microns) (microns) a+b (rad. ) (rad. ) (microns)
- -
50 4700 1.0106 .1463 13.67 13.75 1.02 1.40 1096 362 142
100 4650 1.0215 .2086 9.59 9.70 0856 1.33 1106 232 221
150 4600 1 0 0326 .2575 7.77 7.90 .752 1.28 1120 177 290
200 4550 1.0440 .2997 6.67 6.82 .679 1.24 1130 145 354
250 4500 1.0555 .3379 5.92 6.08 .625 1020 1142 124 414
300 4450 1.0674 .3734 5.36 5.54 .581 1.175 1156 109 470
